The lungs of 11 rats fed on Crotalaria spectabilis seeds for periods ranging from 12 to 61 days were examined by both light and electron microscopy. The findings were compared with those obtained from nine control rats given a normal diet. Eight of the 11 test rats showed morphological evidence of pulmonary arterial hypertension in the form of right ventricular hypertrophy; the exceptions were rats killed after receiving the Crotalaria diet for 12, 22, and 29 days respectively. On light microscopy, all the test rats showed exudative lesions in the lungs consisting of eosinophilic alveolar coagulum, intra-alveolar haemorrhage, interstitial fibrosis, and a proliferation of mast cells. Enlarged and proliferated cells were seen to line the alveolar walls or lie free within the alveolar spaces. Electron microscopy showed these cells to be enlarged granular pneumocytes containing enlarged, electron-dense, lamellar secretory inclusions. Scanty macrophages were also seen in the alveolar spaces, in which excessive numbers of myelin figures and lattices were seen: these structures resembled phospholipid membranes and were probably related to pulmonary surfactant. We think that proliferation of granular pneumocytes is a non-specific reaction of the alveolar walls to injury. The alveolar-capillary wall showed interstitial oedema with the formation of intraluminal endothelial vesicles, probably representing the early ultrastructural phase of pulmonary oedema, and more likely to be an effect of the pulmonary hypertension than its cause.
The lungs of 11 rats fed on Crotalaria spectabilis seeds for periods ranging from 12 to 61 days were examined by both light and electron microscopy. The findings were compared with those obtained from nine control rats given a normal diet. Eight of the 11 test rats showed morphological evidence of pulmonary arterial hypertension in the form of right ventricular hypertrophy; the exceptions were rats killed after receiving the Crotalaria diet for 12, 22, and 29 days respectively. On light microscopy, all the test rats showed exudative lesions in the lungs consisting of eosinophilic alveolar coagulum, intra-alveolar haemorrhage, interstitial fibrosis, and a proliferation of mast cells. Enlarged and proliferated cells were seen to line the alveolar walls or lie free within the alveolar spaces. Electron microscopy showed these cells to be enlarged granular pneumocytes containing enlarged, electron-dense, lamellar secretory inclusions. Scanty macrophages were also seen in the alveolar spaces, in which excessive numbers of myelin figures and lattices were seen: these structures resembled phospholipid membranes and were probably related to pulmonary surfactant. We think that proliferation of granular pneumocytes is a non-specific reaction of the alveolar walls to injury. The alveolar-capillary wall showed interstitial oedema with the formation of intraluminal endothelial vesicles, probably representing the early ultrastructural phase of pulmonary oedema, and more likely to be an effect of the pulmonary hypertension than its cause.
One of the most interesting recent advances in the pathology of the pulmonary circulation has been the development of an experimental model for the study of pulmonary hypertension. This comprises the induction of an elevated pulmonary arterial pressure in rats by feeding them on Crotalaria spectabilis seeds (Kay, Harris, and Heath, 1967b) . The active constituent of the seeds is the pyrrolizidine alkaloid monocrotaline (Neal, Rusoff, and Ahmann, 1935) , and its oral or systemic administration to rats induces pathological changes which are identical to those caused by ingestion of the seeds. These changes are cardiomegaly due to right ventricular hypertrophy (Turner and Lalich, 1965 ; Kay and Heath, 1966) , thickening of the pulmonary trunk (Heath and Kay, 1967) , medial hypertrophy of 'muscular pulmonary arteries' (Turner and Lalich, 1965; Kay and Heath, 1966) , and, in a proportion of animals, an acute necrotizing pulmonary arteritis (Lalich and Merkow, 1961 ; Kay and Heath, 1966) .
Histological examination of the lung parenchyma in treated rats reveals, in addition to the pulmonary vascular disease, a wide range of changes, including proliferation and desquamation of alveolar cells, pulmonary oedema, intra-alveolar haemorrhage, interstitial fibrosis, and a multiplication of mast cells. Such 'exudative lesions' may be the direct or indirect consequences of chronic exudation of blood or plasma constituents from the small pulmonary blood vessels into the alveolar walls and spaces (Kay, Gillund, and Heath, 1967a) .
The purpose of the present investigation was to determine the ultrastructural changes which occurred in the alveolar walls and capiillaries of rats given Crotalaria spectabilis seeds, to identify the nature of the proliferated and desquamated alveolar cells, and to relate these changes to the development of the pulmonary hypertension.
METHODS
Twenty female weanling Wistar albino rats weighing between 56 and 105 g. were divided into a group of nine controls (C 1-9) and a group of 11 test animals (T 1-11). Both groups were fed on powdered rat cubes and water, but in the test rats the diet was adulterated with ground Crotalaria spectabilis seeds to give a final concentration of 01 %. Table. All but three of the 11 test rats showed histological evidence of hypertensive pulmonary vascular disease in the form of medial hypertrophy of 'muscular pulmonary arteries' and the development of a muscular media in 'pulmonary arterioles'.
We define the muscular pulmonary artery in a rat to be an artzrial vessel with an external diameter lying between 20 ju and 400 ,u. It has a media of circularly orientated smooth muscle fibres which does not exceed 7% of this external diameter; the media is bounded by internal and external e!astic laminae. The pulmonary arteriole in a rat is an arterial vessel of less than 20 ,u in diameter whose wall is normally devoid of smooth muscle and consiists of a single elastic lamina lined by endothelium. None of the rats showed A_ pulmonary arteritis. The three animals in which there were no signs of hypertensive pulmonary vascular disease were killed early on in the experiment on the 12th, 22nd, and 29th days.
The same exudative and proliferative lesions occurred in the lungs of the test rats as previously descrilbed by Kay et al. (1967a) . The changes were more severe in the test animals killed after the 30th day of the experiment, thus the increase in severity of the exudative changes in the lungs apparently coincided with the elevation of pulmonary arterial pressure as deduced by an increase in right ventricular weight. The exudative lesions encountered in the lungs of the rats fed on Crotalaria spectabilis seeds were as follows. In four rats there was recent intra-alveolar haemorrhage: in nine animals siderophages--were prset in some of the alveolar walls and spaces -suggct-s ing previous haemorrhage. Dilated lymphatic vessels were seen in the interlobular and perivascular fibrous tissue in seven of the rats. In CONTROL RATS The ultrastructure of the normal alveolar wall was studied in five of the nine control rats. The alveolar spaces were lined by two types of epithelial cells as described by Low (1953) and Schulz (1959) . Most of these were of the variety called type 1 or membranous pneumocytes. The nuclei of these cells were generally accommodated in the corners and angles of the alveoli, with scanty, small mitochondria and a little endoplasmic reticulum situated round about them, leaving wide areas of the alveolar wall covered by a thin, flat, and often featureless film of cytoplasm (Fig. 2) . Interspersed between the membranous pneumocytes were the much larger type 2 or granular pneumocytes. These cells, which were usually situated at the recesses of alveoli, shared the same basal lamina as the membranous pneumocytes and were joined to them by junctional complexes. Occasionally they were partially invested by a thin cytoplasmic extension from an adjoining membranous pneumocyte. The granular pneumocytes possessed abundant cytoplasm containing numerous large mitochondria, a welldeveloped rough endoplasmic reticulum, and prominent lamellated or spiral osmiophilic secretory inclusions which are usually called lamellar bodies (Fig. 3) . The cell surface was thrown up into characteristic irregular short microvilli. Solitary granular pneumocytes were also seen lying free within the alveolar lumen (Fig. 4) (Fig. 5) .
TEST RATS Electron microscopy was carried out on the lungs of all the test rats. Ultrastructural changes in the lungs of these animals comprised alterations in the alveolar-capillary wall, proliferation of the alveolar epithelial cells, and the occurrence of mast cells in the alveolar septa.
Each of these three changes will now be considered in detail.
The alveolar-capillary wall showed irregular areas of thickening due to an increase in the width of the interstitial space lying between the membranous pneumocytes and the endothelial cells (Fig. 6) . The width of this space was very variable, extending from the normal thickness of about 100 mtu up to 600 mu in extreme cases. Both the endothelial cells and pneumocytes showed extensive caveolae and contained numerous micropinocytic vesicles (Fig. 7) Electron microscopy of Crotalaria pulmonary hypertension into the capillary lumen (Fig. 8) . Occasionally, similar thin-walled oedematous 'endothelial vesicles' were found apparently free within the capillary lumen (Fig. 9 ). These were very large, often with a diameter exceeding 2 5 /i, and had clearly been sectioned distal to their point of attachment to the capillary wall (Fig. 10) .
The proliferated alveolar epithelial cells were identified as granular pneumocytes. These cells differed from their counterparts in the control rats because they were greatly enlarged and their cytoplasm contained larger secretory inclusions composed of thicker and denser lamellae (Fig. 11) . Their cytoplasm was also vacuolated and contained larger mitochondria. The nuclei were proportionately enlarged and the cell surface showed the normal complement of microvilli. Many of the enlarged granular pneumocytes had desquamated into the alveolar spaces. Myelin figures and lattice structures composed of electron-dense osmiophilic membranes were seen in the alveolar spaces, usually in close proximity to granular pneumocytes (Fig. 12) . The alveolar spaces also contained occasional macrophages which were easily distinguished from granular pneumocytes by their lack of lamellar bodies, by their smaller mitochondria, by their larger microvilli, and by their abundant cytoplasmic vacuoles and lipid droplets (Fig. 13) .
Mast packed with dense osmiophilic homogeneous granules reducing the intergranular cytoplasm to fragmentary rough endoplasmic reticulum, scattered ribosomes, and an occasional mitochondrion (Fig. 14) . DISCUSSION ALVEOLAR-CAPILLARY WALL The triad of lesions comprising widening of the interstitial space between the capillary endothelium and alveolar epithelium, the development of intra-luminal endothelial vesicles, and the increased micropinocytic activity of endothelial and epithelial cells appears to represent the early ultrastructural phase of pulmonary oedema. A similar combination of fine structural changes was described by Schulz (1959) , who studied the development of pulmonary oedema in rats following an intraperitoneal injection of a-naphthylthiourea. In the early stages he observed swelling of the capillary basement membrane, intraluminal endothelial vesicles, and vacuolation of the endothelial and epithelial cells. Later, there was disintegration of the membrane system of the capillary wall, and oedema fluid accumulated in the alveolar spaces. Valdivia and his colleagues (Valdivia, Sonnad, Hayashi, and Lalich, 1967b;  Valdivia, Lalich, Hayashi, and Sonnad, 1 967a) studied the ultrastructural changes in the alveolar wall of young male Sprague-Dawley rats given a single subcutaneous injection of the alkaloid monocrotaline, the active constituent of Crotalaria spectabilis. They observed vesiculation of capillary endothelial cells, interstitial oedema, and oedematous swelling of the alveolar epithelium. Some of the animals were also given an intravenous dose of Thorotrast immediately before death. These animals showed leakage of electron-dense Thorotrast granules from the capillary lumens into the endothelial vesicles and interstitial space.
Pulmonary oedema is caused by the interaction of various factors which are in a complex relationship to one another. The amount of fluid filtered through the pulmonary capillary wall is determined by the intraluminal blood pressure, the capillary permeability, by the osmotic pressure exerted by the plasma proteins, and by the inter-523 group.bmj.com on June 22, 2017 -Published by http://thorax.bmj.com/ Downloaded from stitial fluid pressure. Since there is no evidence that primary alterations in the plasma proteins and pulmonary tissue fluid pressure occur in rats poisoned with Crotalaria spectabilis, it follows that the pulmonary oedema must be due either to a change in the capillary permeability or to an increase in the capillary intraluminal blood pressure, which may in turn be secondary to constriction or obstruction of the small pulmonary veins. The purely morphological observations presented in this ipaper do not permit us to determine which of these two factors is operative, although earlier work has suggested that Crotalaria spectabilis intoxication may be accompanied by enlargement of the intimal fibromuscular pads which are a normal anatomical feature of the small pulmonary veins of the rat (Kay and Heath, 1966) . Constriction of this muscle might impede pulmonary venous blood flow and give rise to a secondary increase in the capillary blood pressure, leading to the development of pulmonary oedema.
ALVEOLAR CELL PROLIFERATION T-he proliferated cells which lined the alveolar walls and occupied the alveolar spaces of rats given Crotalaria spectabilis had the ultrastructural characteristics of granular pneumocytes. Prior to use of the electron microscope, these cells were considered to be either proliferated bronchiolar epithelial cells or macrophages according to whether they were attached to the alveolar wall or lay free within the alveolar spaces (Kay, Gillund, and Heath, 1967a) . Electron microscopy enables the various types of alveolar cell to be distinguished with ease. Granular pneumocytes are characterized by the possession of a microvillous cytoplasmic border and intracytoplasmic lamellated secretory inclusions. These lamellar bodies were originally thought to be derived from mitochondria because of their superficial morphological resemblance to these structures (Schulz, 1959) . It has been shown, however, that the lamellar bodies exhibit a peripheral rim of acid phosphatase activity and that they are therefore probably lysosomal in origin (Balis and Conen, 1964; Kikkawa, Motoyama, and Gluck, 1968; Kuhn, 1968) . There is now considerable evidence to indicate that the lamellar bodies of granular pneumocytes are directly concerned in the elaboration, storage, and release of the pulmonary surface-active material: this subject is well reviewed by Conen and Balis (1969) . The routine procedures used for fixing and staining lung for electron microscopy destroy the surfactant layer which should, on the basis of physiological and chemical evidence, be seen to line the alveoli. Recently, Weibel and Gil (1968) have been able to demonstrate such a lining film by perfusing rat lungs with glutaraldehyde through the vascular bed, which fixed the surfactant in situ. Electron micrographs showed that the alveolar epithelium was covered by a thin extracellular lining layer which was independent of the external plasma membrane of the epithelial cells. It was composed of two phases: a lamellar superficial layer of phospholipid, and a basal layer probably containing proteins.
The proliferation and en-largement of granular pneumocytes which occurred in the rats fed on Crotalaria spectabilis suggest that there may have been some alteration in the production or nature of the pulmonary surfactant, but the reasons for this are obscure. We noted that excessive numbers of myelin figures and lattices were seen in the alveolar spaces of test rats: these structures closely resemble the artificial phospholipid membranes prepared by Lucy and Glauert (1964) and are probably related to the pulmonary surfactant. Proliferation of granular pneumocytes occurs in several diseases: electron microscopy has established that the proliferated alveolar cells which characterize pulmonary alveolar proteinosis (Rosen, Castleman, and Liebow, 1958) and desquamative interstitial pneumonia (Liebow, Steer, and Billingsley, 1965) are in fact granular pneumocytes (Liebow, 1968; Brewer, Heath, and Asquith, 1969) . It seems likely that the alveolar cells which proliferate in the early cellular phase of diffuse fibrosing alveolitis are also granular pneumocytes (Scadding and Hinson, 1967) . We have observed a proliferation of granular pneumocytes in a patient suffering from 'busulphan lung' (Heard and Cooke, 1968) , and in dogs suffering from radiation-induced pulmonary damage. These findings endorse the contention of Spencer (1962) that alveolar cell hyperplasia is merely a nonspecific reaction to chronic pulmonary injury.
HYPERTENSIVE PULMONARY VASCULAR DISEASE The mechanism by which ingestion of Crotalaria spectabilis seeds induces pulmonary hypertension is not clear. Valdivia and his colleagues (Valdivia et al., 1967a) believe that the pulmonary capillary lesions themselves are sufficiently severe to cause medial hypertrophy of pulmonary arteries and right ventricular hypertrophy. However, we do not think that the interstitial oedema of the alveolarcapillary walls and the formation of endothelial vesicles would cause a significant increase in pulmonary vascular resistance. The (Hasleton, Heath, and Brewer, 1968) and animals (Alexander, Will, and Wolff, 1965; Abbott, Barer, Clegg, and Shaw, 1968; James and Thomas, 1968) . Hypoxic pulmonary hypertension is characterized by muscularization of pulmonary arterioles, a lack of medial hypertrophy in muscular pulmonary arteries, and the development of longitudinal muscle in the intima of pulmonary arterioles and arteries. In Crotalaria pulmonary hypertension, however, there is pronounced medial hypertrophy of muscular pulmonary arteries, and in some cases, an acute necrotizing arteritis: we have not seen longitudinal muscle in the intima of pulmonary arterioles and arteries in this condition.
A proliferation of mast cells occurs in the lungs of a proportion of rats given Crotalaria spectabilis seeds (Takeoka, Angevine, and Lalich, 1962; Kay et al., 1967a) . Rat mast cells are rich in 5-hydroxytryptamine (Benditt, Wong, Arase, and Roeper, 1955) , which is known to constrict small pulmonary blood vessels in some animals (Aviado, 1965) . In view of these observations, it was tempting to postulate that ingested monocrotaline might stimulate the proliferation of pulmonary mast cells and that release of 5-hydroxytryptamine from them might lead to constriction of small pulmonary blood vessels, with the eventual development of pulmonary hypertension. This hypothesis was especial-ly attractive, since it would account for the latent period which is known to elapse between the administration of monocrotaline and the development of pulmonary hypertension (Kay et al., 1967,b) . It has, however, been shown that the multiplication of lung mast cells, which occurs in these circumstances, appears to be a secondary phenomenon related to the development of exudative lesions in the lung parenchyma, and that mast cells are not concerned in the genesis of the pulmonary hypertension (Kay et al., 1 967a) . Moreover, a study of the concentration of 5-hydroxytryptamine in the platelets, plasma, and lungs of rats fed on Crotalaria spectabilis seeds has shown no evidence that ingested monocrotalne interferes with the metabolism and transport of this amine (Kay, Crawford, and Heath, 1968) .
There is evidence that the alkaloid monocrotaline is not itself a toxic substance, but that it is dehydrogenated in the liver to produce a highly reactive derivative, monocrotaline pyrrol, which may act as an alkylating agent (Mattocks, 1968) . Monocrotaline pyrrol may be transported from the liver to the lungs, where it becomes bound to the tissues and produces its toxic effects. The mechanism by which oral administration of monocrotaline induces pulmonary hypertension requires further study.
The possibility that ingestion of chemicals may induce pulmonary vascular disease has recently assumed great importance, since it has been suggested that a dramatic increase in the incidence of primary pulmonary hypertension in some countries may be related to the consumption of certain drugs (Gurtner, Gertsch, Salzmann, Scherrer, Stucki, and Wyss, 1968; Cahal, 1969) .
